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ABSTRACT 
Heterojunction photocatalysts have recently been used due to the limitation the 
single oxides possess like recombination, low absorption in the visible region and 
low surface area. However, not much work has been done regarding the fate and 
behavior of these heterojunction NPs of which it raises concerns about their effect 
on human health and the environment. In addition, understanding the fate and 
behavior of these ENMs in WWTP is of importance because the wastewater is a 
constituent of many substances such as surfactants, amino acids, humic acid and 
fulvic. As the ENMs react with these substances they act differently which changes 
their fate, behavior and toxicity. Hence in this work we study the fate and behavior 
of heterojunction Bi2O3-BiVO4 NPs on the SWTP. 
 
In addition, it is of importance to study fate and behavior of these ENMs because it 
assists us to know their toxicological studies and hence risk assessment. 
However, the Organisation for Economic Co-operation and Development (OECD) 
303A guidelines was used to conduct or run the treatment system; this is due to 
the unavailable NPs test protocols. Hence, prior to exposing the NPs in the SWTP, 
their physicochemical properties must be known in order to know their reason for 
their behavior, toxicity and stability using different characterization techniques for 
different properties. The monoclinic phase of Bi2O3-BiVO4 NPs was confirmed by 
XRD and Raman spectroscopy, SEM gave decahedron and further like structure of 
Bi2O3-BiVO4 NPs whereby mapping confirmed the elemental analysis. BET gave a 
surface area of 1.1316 m2/g. 
 
 Moreover, stability of Bi2O3-BiVO4 NPs was studied under different pHs and 
electrolytes (DI, NaCl, CaCl2 and AlCl3) which resulted in different hydrodynamic 
sizes and agglomeration kinetics using the DLVO theory. It was seen that the 
hydrodynamic diameter of the NPs increased as the cations of the electrolytes 
increases hence the rate of agglomeration also increase due to the compression 
of the EDL. In addition, the NPs were found to be stable at pHpzc due to the 
dominance of the repulsive force at that point. The pHpzc for DI was found to be 4, 
which is in agreement with that in literature.  
vii 
 
There was further characterization of NPs after being exposed to the treatment 
system in order to know their functionality in the treatment system and if the 
activated sludge and the effluent changed the NPs characteristics. Different 
parameters were monitored for the survival of microorganisms. COD, BOD5 and 
TPC were checked of which they showed that the NPs had no effect on the 
functionality of the treatment processes. Raman spectroscopy confirmed that the 
sludge did not change the monoclinic phase of the NPs. SEM and mapping 
confirmed the elemental analysis of the NPs. ICP-OES showed the fate of the NPs 
was through the activated sludge (90 %) than the effluent (10 %). In conclusion, 
since there was no effect of the NPs on the wastewater treatment plant seen by 
COD and BOD5 removal, and TPC this means the NPs could be used and might 
have less effect on the environment.   
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CHAPTER 1:  
 INTRODUCTION 
1.1 Problem statement 
The population of people is increasing every year and this population growth has 
led to environmental problems such as increased generation of various amounts of 
waste which also increases to the water scarcity problem.1 Wastewater treatment 
plants (WWTPs) is one of the technologies that play an important role in 
management of wastewater. Moreover, many strategies have been used to 
develop an optimal waste management, one of which is the use of engineered 
nanomaterials (ENMs) in WWTP.2 However, little is known regarding the fate and 
behaviour of these ENMs in WWTP which brings more concerns about their toxic 
effect since their exposure is also increasing.  
Moreover, these ENMs are classified as emerging contaminants in the WWTP 
which may also affect its functionality since their removal have found to be 
relatively low. The ENMs may alter the anaerobic and aerobic processes of the 
WWTP by having negative effect on the microorganisms which are responsible for 
the biological processes of the treatment plant. The disposal of these ENMs has 
only been the landfill through the wastewater sludge and effluent.3 Wastewater 
sludge has played an important role in agriculture since it has been used as 
fertilizer which is the source of organic nutrients and substance for plants. 
However, this wastewater sludge is contaminated with the EMNs which may also 
pose a threat to the plants because some of them are non-biodegradable and 
toxic.1 
In addition, ENMs in the wastewater effluent flow to the aquatic system which fills 
the streams in levels that may be harmful to the aquatic organisms which may 
affect the food chain. Moreover, ENMs react with other substance as they flow to 
the aquatic system from the WWTP and undergo chemical transformations which 
alter their toxic properties and fate. Hence, it is difficult to know their actual fate 
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and behaviour as they undergo transformations however their fate and behaviour 
can be known in the WWTP.4 
1.2 Justification 
Nanomaterials have gained attention in wastewater treatment for degradation of 
contaminants and water splitting.  The nano-heterostructured semiconductor 
based photocatalysts are example of such nanomaterials, and their advantage is 
that they have increased photocatalytic efficiencies.  The heterojunction bismuth 
based photocatalysts such as Bi2O3-BiVO4 have been studied because they 
possess desired properties such as low electron recombination, huge surface to 
volume ratios and they absorb in the visible light region.5,6 However, there are 
concerns about the fate and behaviour of these ENMs that are used because  the 
unique properties they possess may have environmental negative effects.7 
There is a little information about the fate and behaviour of these ENMs regardless 
of their exponential production; hence this increases their concerns in human 
health across the world due to their increased exposure to the environment. The 
Organization for Economic Co-operation and Development (OECD) guidelines 
have been used to study the fate and behaviour of the ENMs by testing the 
chemicals however there is very limited database on the standard protocols for 
testing of the NPs. The ENMs find their way to the aquatic system indirectly or 
directly and this have been said to increase their concentrations which as a results 
brings danger to the ecosystem for an example, some ENMs are said to disrupt 
the DNA of some microorganisms. 7,8 
Moreover, more concerns are again in the way of testing for these ENMs in the 
aquatic system because they get to dissolve, stay stable, agglomerate or sediment 
one they get into the aquatic system.  The ENMs are identified to be the emerging 
contaminants for the WWTP because of they have an impact on the 
microorganisms responsible for the secondary treatment process which affects the 
WWTP functionality and efficiency. There is a need for knowing the fate and 
behaviour of the ENMs due to the risks they may pose in organism’s lives. 
CHAPTER1: INTRODUCTION 
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Mahlalela et al study was based on monitoring the fate and behaviour of TiO2 by 
studying the effect of TiO2 NPs on the treatment processes. The results showed 
that the addition of TiO2 had no effect on the treatment process COD was removed 
and addition of measured total plate count (TPC). It was confirmed that the 90 % 
of the TiO2 was retained in the activated sludge and the rest flows with the 
effluent.7 
 Simelane et al studied the fate and behaviour of WO3 NPs and its impact of the 
functionality on WWTP. They monitored the fate of m-WO3 and found that it 
adsorbed the nanoparticles on the sludge. The WO3 also showed to influence the 
functionality of the WWTP as the chemical oxygen demand (COD) dropped to 70 
%. The authors concluded that the WO3 nanoparticles possess toxicity effects on 
the activated sludge and increase in conductivity was observed which confirms 
that the WO3 nanoparticles was retained in the activated sludge and 21 % m/m ran 
out with the effluent.8 
 
The two studies showed that most of the percentage of the ENMs from the WWTP 
got into the environment through the activated sludge if used as fertilizers. 
Moreover, they showed that not all the ENMs have an effect on the functionality of 
the WWTP hence they will act differently as they get to the environment. Thus, an 
in-depth understanding in the fate and behaviour of ENM is paramount, hence this 
study focuses on heterojunctions which have not been extensively studied. 
Studying the fate and behaviour of Bi2O3-BiVO4 on the WWTP is of importance. 
Moreover, it will also confirm that different ENMs act differently towards the 
WWTP. More studies need to be done on fate and behaviour of ENMs for the risk 
assessment because it is important for human safety and human health. 
1.3 AIM AND OBJECTIVES 
1.3.1 Aim 
The aim of this study was to: 
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Monitor the fate and behaviour of heterojunction Bi2O3-BiVO4 nanoparticles in a 
simulated wastewater treatment plant while studying its physicochemical 
properties. 
1.3.2 Objectives:  
The objectives of the study were: 
i. To synthesize heterojunction Bi2O3-BiVO4 nanoparticles. 
ii. To monitor the stability of heterojunction Bi2O3-BiVO4 nanoparticles by 
changing the pH and measuring the size and zeta potential at those pHs. 
iii. To study the physicochemical properties of the Bi2O3-BiVO4 nanoparticles 
such as size, surface area, morphology and crystallography using BET, 
Malvern nano zetasizer, SEM, Raman and XRD. 
iv. To determine the effect of heterojunction Bi2O3-BiVO4 on the functionality of 
a WWTP by monitoring COD and BOD5 measurements. 
v. To monitor the presence of heterojunction Bi2O3-BiVO4 in the effluent and the 
sludge using ICP- OES and determining their mass balance. 
1.4 MINI-DISSERTATION OUTLINE 
From this chapter the mini-dissertation continues as follows: 
Chapter 2: Literature review 
This chapter outlines the literature review on physicochemical properties and 
synthetic routes of engineered nanomaterials (ENMs). A review on how the 
physicochemical parameters affect stability and transportation of ENMs in 
aqueous environment. The fate, behavior and toxicity of ENMs in the soil and 
aqueous system and the simulated wastewater treatment plant (WWTP) 
processes. 
Chapter 3: Materials and methods 
The chapter explains the material and methods utilized to meet the objectives of 
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this work. The physicochemical properties characterization of heterojunction Bi2O3-
BiVO4 nanoparticles (NPs) for the stability studies before being exposed to the 
SWTP processes. 
Chapter 4: Results and discussion 
The chapter provides information on characterization of heterojunction Bi2O3-
BiVO4 NPs on its stability. How pH, different electrolytes and ionic strength affect 
the stability of the NPs and its aggregation kinetics. 
Chapter 5: Results and discussion 
This chapter describes the fate and behavior of heterojunction Bi2O3-BiVO4 NPs 
on the SWTP. The effect of the NPs on the functionality of the treatment plant is 
explained. The mass balance of the heterojunction Bi2O3-BiVO4 NPs on the 
effluent and sludge is also determined.  
Chapter 6: Conclusion and recommendations 
This chapter provides the key findings of this research work. 
References are listed at the end of each chapter.  
Appendix section: selected prominent data are detailed in this section. 
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CHAPTER 2 
LITERATURE REVIEW 
2.1 Introduction 
The use of engineered nanomaterials is increasing due to their extensive use in 
different applications.1 Nano-Ag is used an antimicrobial agent in domestic 
appliances, medical applications, paints and textiles. Nano-CuO is important in 
production of gas sensors, photodetectors, lithium ion batteries and magnetic 
storage media. Nano-TiO2 is widely used in production of plastics, paints, 
cosmetics and paints. Nano-CeO2 has been used as UV-filters in cosmetics and in 
drugs. 2 Additionally, it was estimated that the annual production of nano-SiO2 
exceeds 1.5 million metric tons.3 Production of TiO2 NPs increased from 50 400 
tons in 2010 to 201 500 tons in 2015.4 
Wide applications of ENMs have also increased their production, hence their 
release into sewage systems and their arrival to the WWTPs.4 WWTP are 
considered as the intermediate pathway of these ENMs release to the soil and 
water through wastewater effluent and sludge. 2 It was reported on a global scale 
by 2010 survey that 8 – 28 % of NPs were released into the soil, 63 – 91 % 
discharged into landfills, 0.1 –1.5 % into the atmosphere and 0.4 – 7 % entered 
into aquatic system.5   
Wastewater sludge is regarded as the fate of ENMs in WWTP especially for metal 
oxides, which is due to their fewer negative charges and larger aggregates as 
compared to other nanomaterials.6 This was proven by several studies such as 
Simelane et al and Mahlalela et al whereby their results showed that the 90 % of 
the NPs got out the treatment plant through activated sludge while 10 % through 
the wastewater effluent.7,8 Moreover, these ENMs get into the environment 
through the wastewater sludge used as fertilizers which affect agricultural soil and 
hence the soil organisms and their leaching to groundwater. A study showed that 
CuO NPs, affect the soil microbes indirectly by changing the nutrient 
bioavailability.9,10 Moreover, soil is considered as a potential sink for ENMs and it 
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is a source of ENMs to the aquatic environments. Stability and bioavailability of 
ENMs could also be affected by the soil due to the fact that it is comprised of large 
collection of reactive surfaces. Additionally, the behaviour of ENMs in the soil is 
affected my it’s environmental conditions such as ionic strength, pH, biofilm 
coating and dissolved organic carbon.11   
Another way of the release of ENMs from WWTP is through the wastewater 
effluent whereby the ENMs end up into the aquatic system and may affect the 
aquatic organisms.2 Moreover, they get into the food chain through drinking water 
by accumulating to organisms.12 As the ENMs flow from the treatment plants to the 
aquatic system they react with other ENMs or substances and transform hence 
their actual fate and behaviour or impacts are not known.13 However, a number of 
studies have reported on the effect some ENMs have on the aquatic organisms. 
Additionally, not all the ENMs have negative effects on the aquatic organisms; 
even so, the concentration of these ENMs on the aquatic environments also 
determines their toxicity to the organisms. For example, the cytotoxic and 
genotoxic effects of TiO2 has been studied on the goldfish skin cells and it was 
found that there was no effect with TiO2 NPs alone, but the cell viability started to 
be observed with  irradiated titanium dioxide nanoparticle with UVA radiation.9,10 
Additionally, negative effect such as inflammation, genotoxicity, reproductive and 
metabolic dysfunction was observed on mice at wide exposure of TiO2.14  
Most importantly, which is the main reason of this work, is that these EMNs may 
alter the processes which are aerobic and anaerobic processes in the WWTP 
which may affect its functionality during contamination removal. Moreover, these 
ENMs are classified as emerging contaminants which may pose challenges to the 
WWTP.2 These ENMs may pose toxic or inhibitory effects on the microorganisms 
responsible for degradation of contaminants in the WWTP.2 Knowing the fate and 
behaviour of these ENMs will assist in knowing their toxic effect which can be 
known through their physicochemical properties. 
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2.2 Physicochemical properties 
There is not much work that has been done on fate and behaviour of the ENMs in 
WWTP or the environment. It is known that these ENMs transforms as they are 
released to the environment and this has a health effect on the living organisms.15  
Moreover, studies show that there is a relationship between the physicochemical 
properties and toxic potential, which is the reason for the unexpected effects of 
physicochemical properties of ENMs in living organisms. These physicochemical 
properties of ENMs play an important role in determining their environmental fate 
and behaviour, even though there is a challenge due to little information 
available.16   
A list of ENMs properties that should be measured were recommended by 
European Chemical Agency (ECHA) as part of the chemical safety assessment 
ENMs registration. The list will help to know the behaviour of new ENMs by 
knowing its physicochemical properties. However it is still being debated to which 
ENMs properties should be measured and reported to assess its exposure and 
hazard potential.17  
There are two categories of physicochemical properties of ENMs namely; intrinsic 
and extrinsic properties which includes both physical and chemical properties. The 
intrinsic properties are medium independent like particle size while the extrinsic 
properties are medium dependent like dissolution rate which affects toxicity, fate 
and persistence to the environment. The extrinsic properties are affected by many 
of the intrinsic properties that are linked to exposure and hazard characterization. 
17 Some of the intrinsic and extrinsic properties are listed below to further explain 
their effects on stability, toxicity, fate and behaviour of NPs. 
2.2.1 Intrinsic properties 
2.2.1.1 Particle size  
Particle size play an important role in defining if the material is a nanomaterial or 
not, and it is considered as the first step to characterize a nanomaterial.18 The 
particle size is the one that determines the transport behaviour of the ENMs. 
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Moreover, it governs the ENMs kinetics which includes distribution, excretion, 
absorption and metabolism.19 Larger particles are said to be less toxic than the 
smaller ones of the same material. This is because the reactive oxygen species 
(ROS) and dissolution of particles is affected by toxicity caused by the size. 
Smaller particles are said to have larger surface area which makes them to have 
more reactive sides. However, some smaller particles are less toxic due to their 
tendency to agglomerate which reduced their reactive sides.20 Studies shows the 
smaller particles tend to have a respiratory health effect due to they are more likely 
to cross the biological barriers. These small ENMs are small enough to enter the 
cells once they are inside the body and they interact with biomolecules which 
destabilizes normal functioning of the cells.16 However, the smaller sizes of ENMs 
could be advantageous in respect to development of new nanomedicines and 
nanodevices for clinical healthcare. Lastly, number of particles per unit mass 
increases with decrease in size and thus affect the surface area which increases 
the reactivity of the ENMs. This is shown in Figure 2.1. 
 
Figure 2.1: Illustration of the concept of the decrease particle size increases the 
surface area.21 
2.2.1.2 Surface area 
Surface area has a correlation with endpoint of toxicity, fate and reactivity. It 
affects the key processes that are surface mediated such as; photo-reactivity, 
dissolution rate and ROS production.17 The interaction between the surfaces of 
particles is affected by surface area. High surface area results in the particle to 
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have more places to react with other particles or chemicals to bind.22 For example, 
fine powders offer greater reaction speed because of the increased surface area.22 
There is a linear relationship between the surface area and toxicity of a soluble 
material. This is because the surface of a particle is a site that a soluble material id 
delivered to biological system.23 It has been reported that larger surface area 
improves the catalytic activity of nanomaterials due to the surface atoms have the 
tendency to have unsatisfied high energy bonds which results in their reactivity 
being increased. Due to their high reactivity, these nanomaterials with high surface 
area will interact with biomolecules which can promote oxidative stress and cause 
direct cellular cell damage if they gain access to the cellular environment.19 The 
relationship between surface area and size is shown in Figure 2.2. 
 
Figure 2.2: Illustration of the relationship between surface area and size.22 
2.2.2 Extrinsic properties 
2.2.2.1 Agglomeration 
The high surface area and small sizes of NPs increases the Van der Waals 
attractive forces on their surface which tend to attract other particles to form 
clusters known as agglomeration. Agglomeration of NPs can occur to the 
environment from all the lifecycle stages such as NPs production, during handling 
and their storage. Agglomeration plays an important role in understanding the fate 
and behaviour of NPs, and it depends on their size, concentration, surface charge, 
chemical composition and parameters such as the presence of natural organic 
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matter (NOM), pH, ionic strength and the type of electrolyte. The formation of 
agglomerates has a negative impact on NPs stability.15,24 In the purpose of the 
synthesis in the laboratory, the agglomerates of NPs are unwanted due to they are 
said to be less reactive because more active side are blocked by the formation of 
clusters. Agglomerates are known to influence the NPs toxicity by affecting their 
cellular uptake.25 When these agglomerates enter the aquatic system, they interact 
with aquatic organisms and alter. Some bacteria produce the surfactant properties 
which interacts with these agglomerates and results in them being toxic, because 
it has been reported that surfactants deagglomerates the NPs however they make 
them to be toxic. This shows that not only the water affects the agglomerates but 
even the organisms that the aquatic environment hosts.26 
2.2.2.2 Surface charge/ zeta potential 
Zeta potential is a critical factor in the measurement of the charge stability and 
controls the particle-particle interaction in suspension. The zeta potential of NPs 
gives an understanding of their stability in suspension (to what degree do the NPs 
agglomerate or disperse). This is done by measuring the electric potential between 
the bulk solution and bound layer of diluents molecules surrounding the particles, 
which is linked to particle surface charge.27 Zeta potential is not measurement of 
the individual surface charge but measures the electrical double layer (EDL) 
produced by the surrounding ions in solution. Negatively charged surface is due to 
dissociation of acidic group, while positively charged surface is due to dissociation 
of basic group, and they results in dispersion.1 This surface charge governs 
cellular uptake of NPs. Cationic charged surfaces of NPs appear to be more 
cytotoxic as compared to anionic charged surfaces. However, studies are unclear 
if the cell death is due to the direct increased uptake associated with cationic NPs 
or surface charge. Moreover, the cationic NPs may interact with genetic material 
because the DNA is negatively charged. Hence, the surface charge plays an 
important role in the interaction of NPs with biomolecules.19 Due to this reason, 
determination of the stability of NPs can be used to minimize the agglomeration for 
the facilitation of too small particles to filter out for water treatment application (low 
zeta potential) or pharmaceutical and drug delivery applications (high zeta 
potential) which is important in NPs research.28 Figure 2.3 illustrates the factors 
CHAPTER 2: LITERATURE REVIEW 
14 
 
that are used to understand the phenomena that results in dispersion or 
agglomeration of particles in aqueous media.  
 
Figure 2.3: Electrical double layer surrounding the nanoparticle.29 
2.2.2.3. Shape 
Shape is one of the fundamental characteristics of NPs which has shown great 
influence in effects and properties in nanomedical applications. This is due to the 
fact that it is a fundamental characteristic of living organisms and entities such as 
bacteria, organs, cells viruses and so on.30 Studies show that shapes of 
nanomaterials have an influence on the rate uptake of cells. Moreover, nanorods 
show lower uptake than spherical NPs.17 Moreover, shape of a nanomaterial adds 
to the overall surface area which also affects the reactivity of the nanomaterial. 
Octahedral shaped structure is shown to have higher surface area then the sphere 
of the same size. This means that octahedral shaped have enhanced catalytic 
activity thus increased reactivity because of the surface atoms have tendency to 
have unsatisfied high energy bonds.19 
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2.2.2.4. Surface modification 
It is important to understand the surface characteristics of the NPs because it 
provides the insight of their behaviour under experimental conditions. Moreover, 
this surface modification is the one that rules formation of agglomerates by looking 
at factors like ionic strength of the aqueous environment and pH. Surface 
modification is also used for drug delivery or to attach biomolecules for cell 
targeting. Lastly, the roughness and smoothness of the NPs can cause the NPs to 
be toxic to the organisms or environment, however, surface modification also play 
a part in modifying NPs roughness or smoothness. Studies also show that surface 
modification of NPs show good recyclability and maintain their adsorption- 
desorption properties which can assist in stability and selectivity of NPs.19,31 
2.2.2.5. Dissolution 
Dissolution of NPs is an important system- dependent parameter which 
determines their fate. It depends on various parameters such as ligands present, 
size, flow condition, pH, ionic strength, hardness and redox environment. This is 
because dissolution is highly affected by the NP’s surrounding media, presence of 
organisms and NPs properties. Dissolution rate increases with a decrease in 
particle size, but it is different per NPs since dissolution rates are rarely normalized 
per specific surface area. However, there are no standard methods for 
measurements of dissolution rates of NPs as it is still being developed. This 
information would assist in assessment of NPs dissolution rate in areas like 
mammalian biological fluids which would be useful for lung burden half-lives 
determination and other biokinetic parameters.17,15 
2.2.3 Parameters affecting stability of NPs 
2.2.3.1 Macromolecules (NOM/HUMIC ACID, PROTEINS)  
Environmental fate and behaviour of NPs are mostly determined by designing the 
NPs with macromolecular coatings. Different types of macromolecules play 
important and different roles in the transportation of NPs to the aqueous 
environment. Macromolecules are large molecules of which their classification 
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depends on their interaction with water (hydrophilic, hydrophobic and amphiphilic). 
Interaction of NPs and macromolecules have been studied in a wide range of 
applications and they are shown to have enhanced stability, solubility, thermal and 
mechanical properties, corrosion, and emulsification due to the macromolecule’s 
physicochemical properties such as self-assemble, viscoelasticity and wide range 
of biological functions. NPs are expected to come in contact with macromolecules 
such as polymers, NOM (humic substances and non-humic substances such as 
polysaccharides) and proteins on their release to the environment.32-34  
This interaction of NPs with macromolecules tends to determine the size of the 
NPs. Moreover, different proteins in the dispersant or biological fluid will adhere to 
the surface of the NP and results in the blocking of the NPs surface hence 
changes its reactivity and aggregation properties.34 Protein have many surface 
functional groups which makes the surface chemistry of the protein based 
nanoparticles to be modified. This modification can change features of NPs such 
as biocompatibility, stability, drug loading and biodistribution.35  
Another type of macromolecule is NOM which is divided into constituents which 
are; fulvic acids, humic acids and hydrophilic fraction with different functional 
groups and molecular masses. It originates from decomposition of animal and 
plant tissue in the environment; hence it results in its variation in concentration and 
composition depending on the location and source of water system.36 
Physicochemical reactions of NOM are influenced by their functional groups and 
chemical composition; with aggregation state, molecular shape and size as key 
factors. These NOM are said to play an important role in stabilizing and 
destabilizing the NPs which is attributed by different mechanisms such as steric 
repulsion, electrostatic forces or bridging.37-39  
Adsorption of metal oxides NPs to NOM weakens their tendency to aggregate and 
hence results in the increased stability in natural water bodies hence increases 
their mobility. The addition of NOM increases the negative surface charge of NPs 
which in turn reduces their ability to aggregate.40 Moreover, when NOM is 
adsorbed on the surface of NPs, it leads to surface modification and coating which 
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results on it properties such as surface charge and hydrophobicity changed. 
Presence of NOM was recently found to also promote the partial redispersion of 
NPs for the already agglomerated NPs when they enter the natural systems.37,41  
2.2.3.2. pH  
Variation of the pH influences two mechanisms such as ion adsorption and 
functional groups dissociation. Moreover, pH variation also varies the zeta 
potentials of NPs.42 The NPs are stable at the pH that is far from the point of zero 
charge (pHpzc). Studies showed that the functional groups on the surface of NPs 
generated Fe- OH2 through protonation at the which resulted in the minimization of 
aggregation. While that on the basic pH undergone deprotonation to generate Fe- 
O- which changed the surface charge of the NPs and hence resulted in the 
decreasing the hydrodynamic size.43 At the pHpzc the NPs aggregates due to the 
low charge density the NPs possess in this pH.44 Researchers studied the effect of 
pH on the size. The distribution of hydroxyl groups of the NPs is affected by the pH 
which in turn affects the size of the NPs. The formation of alkoxide and 
carboxylate ions on the lower pH changed the activity of NPs and the chemical 
structure. It was concluded that the percentage of hydroxyl group was enhance by 
the increase in the pH and resulted in the smaller NPs sizes.45 
2.2.3.3 Electrolytes  
Agglomeration and precipitation of ENMs are usually prevented by using different 
electrolytes (mono-, di and tri-valent) which are used as stabilizers.46 This is due to 
the fact that different electrolytes either of the same valence or different valence, 
have different effects on the zeta potential of ENMs which either can result in 
agglomeration or dispersion. Studies shows that at same concentrations, divalent 
cations increase the zeta potential significantly while monovalent cations have a 
little effect on the zeta potential of ENMs. This can be explained by Coulomb’s law, 
where the electrostatic attraction of M-O- (where M is metal) is much weaker in 
monovalent cations than in divalent cations. That results in the divalent cations 
being more adsorbed on the surface of NPs with a hydrogen atom than 
monovalent cations.47  
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Moreover, different cations also have an influence on the size of NPs due to their 
different properties. As the metal cations increases, the size of the NPs also 
increases which results in shielding effect and hence agglomeration of NPs. This 
can be explain by reduction of the electrostatic repulsion with continuous electrical 
double layer (EDL) between the NPs which reduces the distance between the NPs 
and hence agglomeration.47 
2.2.4 Characterization techniques of ENMs 
Physicochemical properties measurement is of importance due to the fact that the 
fate, behaviour, stability and toxicity of ENMs are determined by these properties. 
Through characterizing ENMs using different techniques, researches are able to 
know their properties and hence their behaviour or reactivity. For example, the first 
step in characterizing NPs is to know the size distribution which an essential step 
and then next step is characterization of the surface chemistry which includes 
shape, functional groups, crystalline phase etc. There are different techniques that 
are used to characterize the physicochemical properties which depend on which 
property one is looking for.16,48,49. Table 2.1, 2.2 and 2.3 below shows different 
techniques used for characterization of different properties.  
Table 2.1: Microscopy and related techniques 
Technique Measured properties  
TEM Size, Morphology, shape, shape 
EDX + Mapping Chemical Composition Element identification 
compositional contrast and their distribution 
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Table 2.2: Spectroscopic and related techniques 
Technique Measured properties 
XRD Crystallography, corresponding peak phases and 
intensity 
XPS Chemical composition 
EDS Element identification, compositional contrast and 
their distribution 
UV-vis Optical and electronic properties such as band gap 
Table 2.3: Other techniques 
Technique Measured properties 
Dynamic light scattering particle size distribution, zeta potential 
BET Specific surface area 
2.3.1 Bismuth vanadate (BiVO4) 
BiVO4 is an inorganic mixed metal oxide compound which is a bright yellow 
powder and it has been used as a yellow pigment.  It has been used in different 
applications such as carbon dioxide reduction, waste water treatment, degradation 
of contaminants and photoelectron- chemical water splitting.50 This n-type 
semiconductor has desirable or attractive properties such as visible light 
responsive, narrow band gap of 2,4 eV, non- toxic nature, cost- effectiveness, high 
stability towards photo-corrosion and strong oxidation properties for decomposition 
of organic pollutants.51 It exists has three crystalline phases namely; monoclinic 
scheelite, tetragonal scheelite and tetragonal zircon. The monoclinic and 
tetragonal phases are illustrated in Figure 2.4. 
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Figure 2.4: Different crystallographic phases of BiVO4. 
Among these crystalline phases, monoclinic phase shows high performance 
photoelectrochemical applications in oxidation of organic pollutants and water 
splitting. Moreover, this can be explained by the fact that m-BiVO4 has more 
asymmetric local environment around each Bi3+ ion than t-BiVO4.51, 52, 53 
2.3.2 Bismuth oxide (Bi2O3) 
The p- type semiconductor is yellow in colour and found naturally as mineral 
bismite and sphaerobismoit. It can also be obtained as a by-product of burning 
lead and copper ore.  This semiconductor is among semiconductors that are 
receiving attention due to its unique properties such as non-toxicity, unique 
chemical stability, environmentally friendly, abundant, low cost and high 
photocatalytic activity. It has a band gap of 1.7 – 3.9 eV which is determined 
according to its crystalline phase that is produced among the five possible 
polymorphs. The six crystallographic polymorphs are; monoclinic ( -), 
tetragonal,( -) body-centred cubic ( -), cubic ( -) and ( -) phase. These 
polymorphs are temperature dependent, of which the - is stable at room 
temperature and - is stable at high temperatures that are between 730 °C and 
825 °C. The - is has shown to have good photocatalytic activity due to it has 
more dispersive band structures, smaller band gap and stronger oxidative ability.  
Due to these properties, this semiconductor has various applications such as 
photovoltaics, capacitors and photocatalysis.54, 55, 39, 56, 57  
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2.3.3 Heterojunction Bi2O3-BiVO4 
As much as the single BiVO4 and Bi2O3 have good desirable properties, they also 
have limitations that limit them. They suffer from fast electron- hole recombination 
and low absorption in the visible light region which results in low photocatalytic 
activity. Many methods have been used to overcome these drawbacks, one which 
is combining one semiconductor with another to form heterojunction metal oxides. 
This research is focused on combining single BiVO4 and Bi2O3 to form a p-n 
heterojunction which will enhance the photocatalytic activity of the semiconductor. 
Its properties are enhanced by the internal electric field which plays an important 
role. These heterostructures are applied in diodes, wastewater treatment and solar 
cells and they can degrade up to 96 % of contaminants with m-BiVO4- - Bi2O3.56, 
58 
2.3.3.1 Synthesis of heterojunction nanomaterials 
There are two approaches used to synthesize ENMs in general, which are; top 
down and bottom up. Top down approaches deal with the reduction of macro or 
microstructures to nanostructures via physical and chemical methods. Shape, size 
and surface structure are processed throughout this approach. Examples are ball 
milling and etching. Bottom up approach deals with integrating NPs from atomic 
level to the desired nanostructure. This is done by arranging nanostructures atom- 
by- atom and layer- by- layer. One example is forming powders from sol- gel 
method which is followed by integration. The physicochemical properties are 
known through characterization techniques for this approach.12,38,42,59 Bottom up 
approach is used for the synthesis of heterojunction  NPs. 
There are various methods that are used for synthesis of heterojunction NPs 
through bottom up methods which are hydrothermal, sol-gel, co-precipitation 
method. These methods give different forms of NPs like thin films, polycrystalline 
and coatings. Moreover, hydrothermal method is said to be the best method of 
them all because most of these methods have a disadvantage of giving a high 
crystal size and low surface area NPs which is a disadvantage on the application 
of photocatalysis.24,38,60 
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2.3.3.1.1 Hydrothermal method 
Many oxides are soluble in alkali solution and it is the advantage that this method 
uses, moreover it allows the powders to recrystallize and monitor the size and 
shapes. It uses elevated pressure (P>100 kPa) and temperature (T>25ºC) to 
crystallize single or heterogeneous phase reaction in an aqueous media.  
Temperature and pressure limits are over 1000ºC and 500 MPa pressure. The 
synthesis is usually conducted on steel pressure vessel known as an autoclave 
where the crystal growth appears. Vapour pressure of the solution corresponds to 
the autogenous pressure at the specific temperature.61,62  
Advantages of this method are that it is able to create crystalline phases in such a 
way that they are stable at the melting point. Also, it grows materials with high 
vapour pressure near their melting point and grows large good quantity of crystals 
while maintaining good control over their composition. Its disadvantages are that it 
needs expensive autoclaves and time consuming. However, it is regarded as the 
best method of metal oxides due to it is easy to control their morphologies.61,63 
2.3.3.1.2 Sol-gel synthesis 
This method is one of the chemical methods used for preparation of inorganic 
oxides at low temperatures. The inorganic oxides are achieved from organo-
metallic or inorganic precursors such as metal chlorides and metal alkoxides which 
undergo polycondensation and hydrolysis reactions to form a colloid. It is a multi-
step process that involves physical and chemical process such as polymerization, 
hydrolysis, drying, gelation, dehydration and densification. The common feature of 
the sol gel method is a sudden increase in viscosity which indicates the onset get 
formation. Sol gel method has been used in fields of material science such as 
ceramic engineering in the preparation of photocatalysis. Advantages of this 
method is that it has high purity, low temperature is required for processing, better 
size, gives possibility of preparing new crystalline and non-crystalline materials 
and morphology can be controlled.64,65 
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2.3.3.3 Co-precipitation method 
Soluble salts which are metal cations are usually co-precipitated as carbonates, 
hydroxides, citrate and oxalates. Carbonates or oxides of relevant metals are first 
digested with an acid which is followed by the addition of precipitating reagent. 
The obtained precipitate after drying is heated with the required temperature to 
produce the final product.  Various parameters are controlled in this method such 
as; precipitant and feed solution concentration, temperature, pH, mixing method 
and time. Moreover, there are three types of co-precipitation processes which are; 
oxalate co- precipitation process, ammonia and co- precipitation process 
ammonium-uranyl-plutonyl-carbonate process. The advantage of this method is 
that it is very simple and easy method for synthesis of powders at low cost, 
however, it has disadvantages such as, difficulty to control morphology and 
particle size, and the stabilizing agent that is used limits the scale production 
because of its toxicity which is hazardous to health.66-68 
2.4 Nanoparticles in wastewater treatment plant systems and aquatic 
environments 
2.4.1 Fate and behaviour of NPs 
Waste water treatment processes play an important role in the disposal and 
environmental pathways of the ENMs that are used in different products.69 Two 
ways in which the ENMs get into the environment is through the activated sludge 
used as fertilizers and the waste water effluent.14 Waste water facilities are 
anaerobic and aerobic processes which are mainly the biological based 
technologies. Some of ENMs are said to be toxic which may also be toxic to the 
microorganisms responsible for the biological processes and affect the 
functionality of the WWTP. Moreover, several studies show that high percentage 
of ENMs in the influent end up in the activated sludge as their main fate.1,70 The 
ENMs in effluent transforms as they flow to the aquatic system from the treatment 
plant hence their actual fate and behaviour or impact are not known.13 
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2.4.2 Stability measurements of NPs 
Stability of NPs is important because it determines their fate, behaviour and 
transportation in the WWTP. Characteristic and composition of the wastewater/ 
natural water may alter the surface properties of the NPs and hence their 
dispersion and aggregation behaviour. Most studies show that the NPs remain 
readily and insoluble aggregates in aquatic environment which causes limitation in 
regard to their mobility and transportation. There are many factors that affect the 
stability of NPs in wastewater or aquatic environment such as pH, concentration, 
ionic strength, type of electrolyte and natural organic matter (NOM).40,71 Increase 
in the ionic strength reduces the electrical double layer (EDL) of the particles 
which results in agglomeration.7 The divalent electrolyte screens the surface of the 
nanoparticles (NPs) more than the monovalent electrolyte, which results in 
agglomeration.8 By increasing the NOM, the negative charge of the nanoparticles 
increases and hence agglomeration is reduced.72 The zeta potential of NPs 
changes by variation of the pH which affects their stability.40 
Interaction of the particles is affected by these several factors because they 
change the surface charge of the NPs which determines if agglomeration or 
dispersion will take place.26 It uses the mechanism that comprises electrostatic, 
hydrophobic, Van der Waals and steric interactions. These interactions are 
explained by Derjaguin, Landau, Vervey (DLVO) theory and it looks at the balance 
between two opposing forces between colloidal particles that are; Van der Waals 
attraction (VA) and electrostatic diffuse double layer repulsions (VR) 
(equation (2.1)).73,74 The sum of these forces (VT) will determine the overall 
interaction between the particles, whether they will disperse or agglomerate. The 
equation (2.1) is further expanded into equation (2.2) and (2.3). 
VT = VA + VR      (2.1) 
VA =        (2.2) 
VR =      (2.3) 
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Where  is Hamaker constant, d is the minimum distance between particles (it 
holds for much bigger d), k= 1.38064852 × 10-23 m2 kg s-2 K-1 Boltzmann constant, 
T is the absolute temperature, K is the Debye length and G is Energy per unit 
surface area. Kd is only valid for values bigger than 1. VR can be divided into three 
by equation (2.4), (2.5) and (2.6). 
G = tanh      (2.4) 
Ns = NA  c      (2.5) 
K = 2.32  109      (2.6) 
Where   is the experimental zeta potential, NA = 6.0221409 1023 is Avogadro’s 
number, c is ion molar concentration, z is the ion charge.7,8 
2.5 Wastewater treatment plant (WWTP) 
There are different techniques that have been used for treatment of wastewater 
which are; membranes, absorption, activated sludge and so on. WWTPs play an 
important role in wastewater management and there are different strategies that 
are developed for its optimal wastewater management. Moreover, WWTP have 
been proven to degrade up to 95 % of contaminants in water. It consists of 
primary, secondary and tertiary treatment process where physical, biological and 
chemical processes are used for the removal of organic matter and solids.64 
Primary treatment also known as physical treatment involves the removal of large 
colloidal and dissolved materials before the sedimentation. This is done to prevent 
the blockage of pipes and pumps for the secondary stage. At the secondary stage, 
which is the biological treatment, fungi, bacteria or algae under anaerobic and 
aerobic conditions are the ones responsible for oxidizing organic matter. These 
microorganisms are responsible for the degradation of contaminants. Then, 
follows the tertiary stage which is the chemical stage, where the wastewater is 
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further disinfected before being released. The Figure 2.5 shows the treatment 
stages of the WWTP. 10,64  
 
Figure 2.5: Basic operation of WWTP.75 
2.5.1 Activated sludge performance characteristics 
The microorganisms in the activated sludge are the ones that are responsible for 
the biological processes of the treatment plant. The activated sludge is composed 
of the aerobic and anaerobic microorganisms that need to be monitored for their 
survival. Activated sludge processes must be operated under proper 
environmental conditions for growth and reproduction of the microorganisms. To 
ensure this, different parameters such as temperature, pH and dissolved oxygen 
must be monitored.  
2.5.1.1 Food for microorganism  
Wastewater influent is gives food to the microorganisms for their reproduction and 
growth. The food is composed mostly of organic materials, moreover, the 
microorganisms can easily use the more soluble organic materials. The type and 
amount of incoming food are measured by the totals BOD in the influent and 
soluble BOD for the survival of the microorganisms.62 
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2.5.1.2 Nutrients  
Nutrients such as phosphorus, nitrogen and some metals like sodium, potassium 
and iron are needed by microorganisms in the WWTP for their metabolism. 
Wastewater influent such as domestic wastewater contains abundance of these 
nutrients. The ratio of BOD to nitrogen (N) to phosphorus (P) should be at least 
100:5:1 for the survival of the microorganisms which is measured in the influent.62 
2.5.1.3 Temperature 
It is important to always monitor the temperature of the WWTP at both influent 
tanks and aeration chambers because all the chemical and biological processes/ 
reactions in the WWTP are affected by temperature. Microorganisms are sensitive 
to variation of temperature. Reaction rates and growth of microorganisms are slow 
at low temperatures and faster at high/ warmer temperatures. The range of 
temperature that the microorganisms work best at is temperatures between 10ºC 
to 25ºC. Temperature affects factors like gene expression, growth rate, metabolic 
activity, uptake of nutrients and microbial community structure.62, 76 
2.5.1.4 pH 
Controlling the pH of the wastewater is important parameter for the biological and 
chemical processes of the WWTP. pH is controlled at both the influent and 
aeration chambers of the WWTP. Growth and survival of microorganisms in the 
treatment processes depends on the pH. Most microorganisms in the environment 
survive at pH between 6-9.  At low pH, the H+ ions produced affects the membrane 
of the bacteria and hence their survival. Moreover, the precipitation of the heavy 
metals from the WW depends on the acidity and alkalinity of the water due to the 
nature of ions produced.77, 15 
2.5.1.5 Dissolved oxygen 
The most important component of the WWTP is the oxygen that is delivered into 
the aeration system for complex biological processes. This is because oxygen is 
the readily and available oxidizing agent which is the key function of metabolic 
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activities of the microorganisms. The DO is the most fundamental parameter due 
to processes such as nitrification; denitrification and phosphorus removal are 
dependent of its concentration. Controlling the DO concentration is important to 
the activity in the activated sludge processes and the DO accepted for this 
biomass is concentration more than 2 mg/L according to the OECD 303A 
guideline.65, 78 Too low DO concentration is said to induce the outgrowth of nitrite-
oxidizing bacteria while high DO concentration deceases the ammonium-oxidizing 
bacteria.33 
2.6 Characterization Techniques 
2.6.1 Raman spectroscopy 
Raman spectroscopy is a powerful tool for structural characterization of 
nanostructured materials and NPs which observes the rotational, vibrational and 
other low frequency modes in a system. It provides information on characterization 
of the physical properties of a given material, its chemical structure and 
identification.79, 80 This spectroscopic technique is based on the interaction of light 
with matter to investigate the gases, solids and liquids by using inelastic scattering 
of monochromatic which is usually from the laser source.72 Inelastic light is 
explained by the changes of frequency of photons upon interaction with a sample 
in a monochromatic light. What happens is that the sample absorbs the photons of 
the laser and reemits them. The reemitted photons frequency then shifts up and 
down in comparison with the original monochromatic frequency known as Raman 
affect. The information about the rotational, vibrational and other low frequency 
transitions in molecules are then given by these shift.72 The Raman scattering is 
illustrated by Figure 2.6. 
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Figure 2.6: Mechanism of Raman scattering81 
2.6.2 Powder X-ray diffraction spectroscopy (XRD) 
X-ray diffraction spectroscopy is a technique that is used to characterize the 
materials and nanomaterials for determination of their crystallographic structure, 
crystallinity, polymorph and crystallite size. To obtain this information, it depends 
on the dual particle/wave nature of X-rays. Its primary use is to identify and 
characterize the compounds based on their diffraction pattern. In the diffraction 
experiments, the spacing between atoms and the wavelength of X-rays are 
comparable.72, 82, 80 The process of diffraction begins when there is the interaction 
between the incident beam of monochromatic X-rays with the material which 
scatters the X-rays from atoms within the target material. The scattered X-rays will 
then undergo constructive and destructive interference and this diffraction process 
is described by Bragg’s law which measures the average spacing between rows 
and layers of atoms and it is given by figure below and equation (2.7). 81 
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Figure 2.7: Schematic representation of X-ray diffraction 81 
λ = 2d sin θ      (2.7) 
Where λ is the difference in path between the X-ray scattered from the plane and 
top plane, d is the parallel atomic planes with interplanar spacing and θ is the 
incidence angle of the two parallel rays 
From the Bragg’s law, Debye- Scherrer formula can be used to determine the 
crystalline size which is given by the equation (2.8). 80 
L=       (2.8) 
Where L is crystalline size 
K is the dimensionless shape factor value  
  is the wavelength of the target material 
  is full-width at half maximum of the most intense diffraction peak 
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  is Bragg’s angle of the incident X-rays 
2.6.3 Transmission electron microscopy (TEM) 
TEM is a powerful technique which uses energetic electrons to give morphology, 
structure, compositional and crystallographic information from the sample.81, 83 
Moreover, it gives information on spectroscopy, diffraction and imaging 
simultaneously or in series of specimen with a sub-nanometre or atomic spatial 
resolution. It can be used at high spatial resolution (  0.1 nm) to chemically and 
structurally characterize the particles.  The atomic structures in sample and 
sample surface on TEM are achieved by the interaction between the sample and 
high energy beam of electrons.84 The high energy beam electrons are transmitted 
through a thin specimen. The electron-electron interaction between the beam and 
sample transforms the inelastically, elastically scattered and the un-scattered 
electron as they enter the thin specimen. Then the electron diffraction pattern is 
produced by focusing the scattered and un-scattered electrons using a series of 
electromagnetic lenses resulting in the images being produced.85 
2.6.4 Scanning electron microscopy (SEM) 
SEM is a technique that provides NPs morphological information and sample 
composition through EDS. It provides nanoscale structures and surfaces including 
atoms. It carries particle sizing by manual measurements of individual particles.83, 
81 SEM achieves resolutions in low nanometre range by scanning the surface of 
the sample with low energy beam of electrons to create images. However, the 
resolution can only be achieved under vacuum and has a limit of 5 nm, and energy 
of beam of electrons ranges from 1- 30 keV pending on the application of the 
material.83, 84 This technique has limitations such as it is limited in the size 
distribution determination; it is dependent on the sample preparation and vacuum 
treatment which can alter the structure image from the original form. Moreover, the 
impact quality of SEM is affected by the fact that SEM images are radiation 
damage, contamination and charging effect.84 
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2.6.5 Dynamic light scattering analysis (DLS)  
DLS is also known as quasi-elastic light scattering or photon correlation 
spectroscopy, is a technique used to characterize nanomaterial/ nanostructures 
such as hydrodynamic size, aggregation and size distribution using a 
monochromatic light source.86, 87 It uses Brownian motion to measure the speed of 
the particles and speed influenced by the particle size, temperature and sample 
viscosity. This motion causes the diffusion of the particles through the medium. 
When the particles of the sample in Brownian motion are hit by the monochromatic 
light beam such as a laser, the wavelength of the incoming light is changed, and 
this wavelength change is related to size of the particles. The Stokes Einstein 
equation is used to relate the diffusion coefficient to hydrodynamic radius of the 
particle, which states that this coefficient is inversely proportional to the particle 
size as shown in equation (2.9). Moreover, the translational diffusion coefficient is 
used to define the Brownian motion. 81  
dH =      (2.9) 
 
where dH = the hydrodynamic diameter 
k= Boltzmann’s constant 
T = absolute temperature 
 = viscosity 
D= the diffusion coefficient 
2.6.6 Inductively coupled plasma optical emission spectroscopy (ICP-OES) 
ICP- OES is a technique that is used for the detection of concentration of metals 
found in water and sediments. It is preferred over other techniques such as Atomic 
Absorption because of its ability to simultaneously analyse concentration of many 
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different elements in a sample.86 The simultaneous multi- element detection 
makes it a faster and more cost- effective than the techniques that are of single 
detection.88 Its disadvantage is that it is lacking adequate sensitivity for 
measurement of very low levels of some elements such as Cu.89 
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CHAPTER 3 
MATERIALS AND METHODS 
3.1. Materials and reagents 
The chemicals were used as purchased. These were bismuth nitrate pentahydrate 
(98.0 % reagent grade, Sigma-Aldrich Co.), ammonium metavanadate (≥99.0 % 
ACS reagent, Sigma-Aldrich Co.), nitric acid (55.0 %, Associated Chemical 
Enterprises), ethanol (≥99.8 % absolute, Sigma- Aldrich Co.), ammonia solution 
(25.0 % univ AR, Merck), hydrochloric acid (32.0 %, Sigma-Aldrich Co.), 
anhydrous sodium hydroxide pellets (≥98.0 %, Associated Chemical Enterprise), 
magnesium chloride, sodium chloride, calcium chloride (MERCK), humic acid 
(Sigma-Aldrich Co.), meat extract (Sigma-Aldrich Co), urea crystals (99.0 %, 
Merck), di-potassium hydrogen phosphate trihydrate (99.0 %, Merck), magnesium 
sulphate heptahydrate (99.0 %, Merck), and peptone from meat enzymatic digest 
(Sigma-Aldrich Co). 
3.2 Procedures 
3.2.1 Synthesis of Bi2O3- BiVO4 nanoparticles 
A hydrothermal method was used for the synthesis of pristine Bismuth vanadate 
(BiVO4) and impregnation method was used for the synthesis of heterojunction 
Bi2O3-BiVO4 as shown by Figure 3.1.1 For the synthesis of BiVO4, 10 mmol of 
bismuth nitrate pentahydrate and that of ammonium metavanadate were dissolved 
in 2 M nitric acid. This solution was stirred for 2 hrs until a yellow precipitate 
formed. The pH of the solution was adjusted to 1.0 with 25 % ammonium solution 
and 2 M nitric acid, before it was transferred into a 100 mL Teflon lined autoclave 
and heated at 100  for 10 hrs and dried to completion. 
The 4 mmol of the as prepared BiVO4 was dispersed in 40 mL ethanol, with 
constant stirring for 1 hr, 10 mmol of bismuth nitrate pentahydrate was added. 
Then the solution was transferred into an autoclave and heated for 2 hrs at 180⁰ C 
before it was dried and calcined at 500  for 2 hrs. 
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Bismuth oxide was synthesized by hydrothermal method whereby, 10 mmol of 
bismuth nitrate pentahydrate was dispersed in 40 mL ethanol for 1 hr. The solution 
was transferred into a Teflon lined autoclave which was heated at 180 ⁰ C for 2 hr 
in an oven. The product was then dried and calcined at 500 for 2 hr.1 
 
Figure 3.1: Synthesis of Bi2O3-BiVO4 
3.3 Characterization of Bi2O3-BiVO4 nanoparticles 
3.3.1 Introduction 
Physicochemical properties of NPs must be well investigated in order to know the 
behaviour of these NPs. Many characterization techniques have been employed 
for characterizing these NPs for different physicochemical techniques. The 
techniques are divided into different types such as spectroscopic, microscopic, 
atomic and other types of techniques. Each technique has different sample 
preparation and gives different information. 
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3.3.2 Polymorphic analyses (XRD, Raman) 
3.3.2.1 X- ray diffraction (XRD) 
X-ray diffraction (X’Pert Philips) instrument with monochromatic beam in the 2θ 
scan range 20-80 ⁰  was carried for phase determination. The NPs were put into 
the sample holders and smoothened for radiation of monochromatic light to pass 
through, and then put for 2 hours into the instrument for analysis.  
3.3.2.2 Raman spectroscopy 
Raman spectrometer (Raman Micro 200, Perkin Elmer) was used for phase 
determination confirmed by XRD. The sample was excited with Ar+ line 514.5 nm. 
A holographic notch filter, single monochromator and cooled TCD were used for 
analysis.  
3.3.3 Morphological analyses 
3.3.3.1 Scanning electron microscopy (SEM) 
Energy dispersive X-ray spectroscopy and SEM mapping (TESCAN Vega TC) was 
used for morphology and elemental composition. For ascertaining the NPs 
distribution, VEGA 3 TESCAN software was used under nitrogen gas. Before 
analysis, the NPs were distributed on the carbon tape and put into the carbon 
coater for coating. This is done to prevent the NPs from charging during the 
analysis.  
3.3.3.1 Transmission electron microscopy (TEM) 
TEM (Model JEM – 2100F, JEOL, Japan) at an acceleration voltage of 200 kV was 
used for morphology confirmed by SEM. The NPs were first dispersed in ethanol 
and sonicated, then they were drop coated on the carbon coated copper grid for 
analysis. 
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3.3.4 Brunuer-Emmett-Teller technique (BET) 
BET technique was used for surface area analysis which used nitrogen adsorption 
in a Micrometric ASAP 2020. Nitrogen adsorption volume was used for 
determination of pore volume which used relative pressure (P/P0) of 0.980. The 
NPs were first degassed at 100  before being analysed.  
3.3.5 Surface charge analyses (DLS and ELS) 
Zetasizer Nano ZS (Melvin) was used to measure hydrodynamic (size) diameter 
and zeta potential which were performed by dynamic light scattering (DLS) and 
electrophoretic light scattering (ELS). Different suspensions of 3 mg Bi2O3-BiVO4 
NPs from pH 2-11 were prepared for the both measurements. To take the 
measurements, small aliquots were put into the polystyrene cuvettes. The pHpzc 
and rate of agglomeration were the calculated from the two parameters measured. 
3.4 Stability studies of Bi2O3- BiVO4 nanoparticles 
Suspensions were prepared by using the hydrothermal synthesized Bi2O3 – BiVO4 
NPs for the stability test. This stability test was done in different electrolytes which 
were deionized water, monovalent, divalent and trivalent electrolytes; namely 
NaCl, CaCl2 and AlCl3 respectively. The concentration of all the electrolytes was 
kept fixed at 0.9 mM for the study. The concentration was kept fixed in such a way 
to keep the ionic strength low enough for the particles to show significant 
agglomeration around the pHpzc. The pH of 100 mL fresh aliquots of deionized 
water and different electrolytes was adjusted from 2-11 using 6 M HCl and 6M 
NaOH. The 3 mg of NPs were then suspended to the solutions and sonicated to 
reach homogenous suspensions. Measurements of hydrodynamic diameter and 
zeta potential were taken. Measurements were taken in triplets.  
3.5 Fate and behaviour Bi2O3- BiVO4 nanoparticles 
3.5.1 Sampling of secondary influent and activated sludge 
Both the secondary influent and activated sludge were sampled from Daspoort 
wastewater treatment works in Pretoria (Gauteng, South Africa), which was mainly 
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domestic sewage treatment plant. Sampling was done every 7 days and the 
secondary influent was kept refrigerated at 4  as it is according to the 
OECD 303A guideline. 
3.5.2 Synthesis of synthetic wastewater 
Synthetic wastewater was prepared using the precursors as presented in 
Table 3.1 which was prepared according to the OECD 303A guideline. The 
influent of the simulated wastewater was formulated using the mixture of synthetic 
wastewater and domestic wastewater, until acclimatization was reached. 
Table 3.1: Synthetic waste water composition 
Constituents Concentration (mg/L) 
Magnesium sulphate heptahydrate 2.0 
Calcium chloride dehydrate 4.0 
Sodium chloride 7.0 
Anhydrous dipotassium hydrogen phosphate 28.0 
Urea 30.0 
Meat extract 110.0 
Peptone 160.0 
3.5.3 The WWTP system according to OECD 303A 
The system was run according to the OECD 303A guideline. It consisted of the 
test and control units for each unit and they were run continuously and same 
working conditions until the NPs were added in the test unit as shown in 
Figure 3.2. These units were a 20 L influent holding tank, 3 L working volume 
aeration chamber and a 1.5 L working volume settling tank (secondary clarifier). 
These were run with mean hydraulic retention time (HRT) of 6h and flow rate of 
0.5 L/h. The SRT were 7 days.  
The influent was continuously pumped from the influent tank to the aeration 
chamber using a 120S/DV Watson Marlow peristaltic pump with continuous stirring 
(RW 20 digital stirrers, IKA) to keep suspensions. The aeration of the aeration 
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chambers was done using a perforated tube and compressed air was supplied to 
keep the dissolved oxygen above 2 mg/L and sludge flocs in suspensions with 
flow rate of 250 mL/min. This was continuously stirred with Eurostar 20 digital 
stirrer IKA. The sludge was continuously recycled from the clarifiers to the aeration 
vessels using a 323S Watson Marlow peristaltic pumps. 
 
Figure 3.2: Schematic diagram of biological simulated WWTP 2 
3.5.4 Inoculation of SWTP 
The returned activated sludge (RAS) sampled from Pretoria was used as an 
inoculum. Sludge (12 L) was aerated using compressed air for 24 hours before 
inoculation. The supernatant was removed, and secondary influent was added and 
continued to be aerated for another 4 hours, then the resulting supernatant was 
reserved. The sludge was then partition into two and put into the aeration 
chambers of the two units and the reserved supernatant was mixed with 
secondary influent and used as an influent on the first two days of the first sludge 
retention time (SRT 1). 
3.5.5 Acclimatization of the activated sludge 
Acclimatization process was performed to ensure the survival of the 
microorganisms, whereby the system was first run with 100 % secondary influent 
until the steady state was reached. Thereafter the system was run with the mixture 
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of domestic wastewater and secondary influent as shown in Table 3.2. Then 
different concentrations (5, 10 and 15 mg/L) of NPs were added to run the system 
for one SRT each. 
Table 3.2: Influent composition for acclimatization of microorganisms. 
SRT Days Influent composition 
1 0-7 100 % 2o influent 
2 8-14 75% 2o influent + 25% SWW 
3 15-21 50% 2o influent + 50% SWW 
4 22-28 25% 2o influent + 75% SWW 
5-70 29-35 100% SWW 
3.5.6 Monitoring of the SWWTP 
Several physical and chemical tests were done in the influent, aeration chambers 
and effluent to monitor the treatment plant efficiency. Tests included; chemical 
oxygen demand (COD), biological oxygen demand (BOD5), mixed liquor 
suspended solids (MLSSs), total plate counts (TPC) mixed liquor volatile 
suspended solids (MLVSSs), dissolved oxygen (DO), conductivity, pH and 
temperature. The COD and BOD5 were measured using a spectrophotometer 
(Spectroquant Pharo 300, Merck). For determining the measurements, kits 
(1.14541.0001, Merck) equivalent to German standard and (1.00687.001, Merck) 
conforming to European standard were used for COD and BOD5 respectively. 
Temperature was kept in the range 20 – 25 , DO in the aeration chambers was > 
2 mg/ L (starter DO 300D OHAUS), pH to be 7 0.5 (starter pH 300 OHAUS) and 
conductivity (starter conductivity 300C OHAUS). The growth and life of 
microorganisms were monitored by MLSS and MLVSS, whereby 0.6 m pore size 
glass microfiber was used to filter 100 mL of the sample (sludge). This was dried 
at 103-105  overnight in an oven and then the MLSS were measured. For 
MLVSS, the already dried sample was burn at 500  for 15 min.3  
The TPC were measured by preparing the plate agar whereby 23,0 g of the agar 
solution was dried and then the solution was allowed to boil while stirring. Then the 
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solution was autoclaved at 121  for 15 min to sterilize the solution, afterwards it 
was allowed to cool and then poured in the plates. The serial dilutions of the NPs 
when the NPs were added were prepared and 1 mL was poured into the agar 
plates. This was incubated for 48 hours at 37  and then colonies were counted to 
ascertain the wellbeing of the microorganisms. 4 
3.5.7 Analyses of activated sludge for Bi and V 
The activated sludge was first filtered before dried in an oven at 50  for 24 hours. 
The 0.25 g of the dried activated sludge and 5 mL of the effluent were digested in 
5 mL of aqua regia which was made of 1:3 ratio of concentrated HNO3 and HCl 
under reflux for 3 hours. The samples were then analysed using ICP- OES for the 
amount of Bi and V present in the sludge and effluent.  
It was then analysed using SEM (TESCAN Vega TC) and mapping for the 
presence of Bi and V elements, Powdered X-ray diffraction (X’Pert Philips) with 
beam in the 2θ scan range 20-80 ⁰  for the presence of BiVO4 and Bi2O3 
monoclinic phase peaks. Inductively coupled plasma optical emission 
spectrometer (ICP-OES) (iCAP 6500 Duo, Thermo Scientific) was used for 
quantifying the amount of Bi and V in both the sludge and effluent. 
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CHAPTER 4 
CHARACTERIZATION AND STABILITY 
MEASUREMENTS OF NPs 
4.1. Introduction 
Fate, transformation and transportations processes of ENMS into the aquatic 
systems are influenced by their stability in the aquatic systems and they are of 
highest interest today due to highest amounts of ENMs entering the aquatic 
system. Moreover, through stability of these EMNs, their bioavailability and 
potential toxic effect towards living organisms will be known. Stability of these 
ENMs depends on their intrinsic properties such as crystalline structure, particle 
size and shape. In addition, surface chemistry modification of these ENMs by their 
surroundings medium and presence of aquagenic compounds play an essential 
role. It is due to the fact that physicochemical properties such as presence of ionic 
species, pH, ionic strength play an important role on the surface charge properties 
of ENMs which affect their stability. These are also expected to interact with 
aquagenic compounds such as NOM as they reach the aquatic system.1, 2 
4.2. Characterization of Bi2O3- BiVO4 NPs 
4.2.1. SEM 
The SEM images that were captured for Bi2O3, BiVO4 and heterojunction Bi2O3- 
BiVO4 showed different morphologies, which are shown in Figure 4.1. The single 
structures and heterostructure were successfully achieved by the hydrothermal 
and impregnation method. The observed morphology for BiVO4 was decahedron.  
While in Figure 4.1(a) the Bi2O3 gave the feather like structure that combines to 
give rods. The heterostructure was successfully achieved which is shown in 
Figure 4.1(c) to consist of both decahedron and feather like structures shown in 
Figure 4.1(a) and (b). Figure 4.1(d-e) is SEM-EDX and SEM-mapping of Bi2O3-
BiVO4 which shows the presence and well distribution of Bi, V, and O in the 
heterojunction Bi2O3- BiVO4. 
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Figure 4.1: SEM images of (a) Bi2O3 nanoparticles, (b) BiVO4 nanoparticles, (c) 
Heterojunction Bi2O3-BiVO4, (d) and (e) EDX and Mapping of Bi2O3-BiVO4 
respectively. 
4.2.2. XRD 
The phase purity and crystal structure of the heterostructure Bi2O3-BiVO4 together 
with the single Bi2O3 and BiVO4 were analysed using XRD in Figure 4.2. The 
corresponding XRD patterns of the Bi2O3 and BiVO4 confirmed the monoclinic 
phase, which was further confirmed by ICCD 00-041-1449 and ICCD 04-016-4382 
respectively. The heterostructure Bi2O3-BiVO4 possessed the same peaks as that 
of both the monoclinic Bi2O3 and BiVO4.  
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Figure 4.2: XRD patterns of BiVO4, Bi2O3 and Bi2O3-BiVO4 
4.2.3. Raman spectroscopy 
Raman spectroscopy was used for crystalline formation and phase determination. 
The Raman spectra further confirmed the monoclinic phase which is in agreement 
with the XRD (Figure 4.3). The typical BiVO4 bands for monoclinic phase are 129, 
209, 325, 366, 711 and 825 cm-1.  Lower peaks at 325 and 366 cm-1 are due to 
asymmetric stretching vibration and symmetric deformation modes of VO43- 
tetrahedron, while that at 209 cm-1 is due to the external vibration. Raman bands 
at 825 and 711 cm-1 are assigned to the symmetric and asymmetric stretching V-O 
modes.3, 4, 5 Bands observed at 182, 211, 313, 466 and 599 cm-1 are obtained for 
Bi2O3 monoclinic phase.  These peaks are due to the Bi-O stretching modes, while 
that at 182 and 211 cm-1 are due to lattice vibrations.6, 7 These results concludes 
that the monoclinic phase was achieved for both the single BiVO4 , Bi2O3 and for 
the heterostructure Bi2O3-BiVO4. 
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Figure 4.3: Raman spectra of (a) Bi2O3, (b) BiVO4 and (c) heterojunction Bi2O3- 
BiVO4 
4.2.4. Brunuer-Emmett-Teller technique (BET) 
The isotherm linear plot gave a type III isotherm which is a convex plot to P/P0 
axis in the entire range (Figure 4.4). This type of isotherm results in multilayer 
formation and macro-porous surface which indicates that the pore sizes are 
greater than 50 nm. In this type of isotherm, the interaction between the 
adsorbate-adsorbate plays an important role. The type of hysteresis loop for this 
isotherm is H3 because it does not exhibit any limiting adsorption at high P/P0. 
Moreover, surface area of the heterojunction Bi2O3- BiVO4 was measured to be 
1.1316 m2/g.4, 5 
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Figure 4.4: BET isotherm linear plot of heterojunction Bi2O3-BiVO4. 
4.2.5. Dynamic light scattering (DLS) 
Zeta potential was used to study the stability of the Bi2O3- BiVO4 nanoparticles. 
Figure 4.5(a) shows zeta potential of the nanoparticles as a function of pH in 
different electrolyte solutions. The zeta potential of the suspensions decreased 
with an increase in pH. The pHpzc of NaCl was 3.2 and that of DI was 4.0. 
However, for CaCl2 and AlCl3 the pHpzc could be in the pH range 6-10 as the zeta 
potential was about 0 mV in that range for both. This was also confirmed by the 
mean diameter or rate of agglomeration versus pH plots, where there was 
aggregation almost in the whole pH range 6-10. Negative zeta potential of DI and 
NaCl increased with the increase in pH while that of CaCl2 and AlCl3 remained 
above -15 mV. This can be explained by the screening of the Ca2+ and Al3+ cations 
on the surface of the Bi2O3-BiVO4 nanoparticles which prevented them from 
acquiring negative values thus reducing the overall surface charge. Protonation 
occurred below the pHpzc where the zeta potential is positive which resulted in the 
minimization of the aggregation hence dispersion. Deprotonation occurred above 
the pHpzc where the zeta potential is negative which resulted in the increased 
negative charge of the NPs and hence aggregation was minimized thus resulting 
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in dispersion as shown by the relationship between pH and mean diameter with 
rate of aggregation in Figure 4.5(b). At pH below and above pHpzc the mean 
diameter of the nanoparticles was small and hence promoted dispersion due to the 
electrostatic repulsion between the nanoparticles. Moreover, agglomeration was 
observed at the pHpzc due to the reduced repulsive force between the 
nanoparticles. The rate of agglomeration was observed to be lower for below and 
above pHpzc and higher at pHpzc. However, there was a slight shift that was 
observed on the maximum agglomeration rate relative to its pHpzc which is due to 
the absence of a buffer in the solution, similar results were obtained by Mahlalela 
et al.8 
 
Figure 4.5: (a) Zetapotential as a function of pH in different solutions with 0.9 mM 
ionic strength and (b) Mean diameter and rate of agglomeration as a function 
of pH in DI suspension 
Agglomeration of nanoparticles is governed by many factors; whereby ionic 
strength is among them due to its influence in the magnitude of EDL. The thicker 
the EDL, the more dispersed the particles due increased particle- particle 
repulsion. Hence the increase in the ionic strength suppresses the EDL which 
results in the agglomeration of the particles.9 Moreover, the ionic strength depends 
on the concentration and the amount of charge in the solution which determines 
the reduction of the EDL as shown by equation (4.1).  
I=        (4.1) 
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Where zi is the charge of the ion and ci is the molar concentration. 
However, in this research we only focused on the effect of the ions (monovalent, 
divalent and trivalent) and kept the concentrations constant. This effect of the ions 
on the EDL is explained using the DLVO theory. The hydrodynamic diameter and 
rate of agglomeration followed the trend Al3+> Ca2+> Na+ and DI at the same pH. 
This was due to the higher charge the Al3+ has as compared to Ca2+ which 
attributed to the compression of the EDL by neutralizing the surface charge more. 
Moreover, NaCl was comparable with DI because monovalent ions are not 
efficient to neutralize the EDL. In all the salts, agglomeration was high in around 
the pHpzc which was confirmed by the plot of interaction energy against distance 
between the particles. The plots at Figure 4.6, 4.7 and 4.8 showed the attractive 
forces (Va) was dominant around the pHpzc, while the nanoparticles dispersed at 
pH ranges below and above pHpzc which showed the repulsive force (Vr) was more 
dominant.  
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Figure 4.6: (a) Mean diameter and rate of agglomeration and (b-d) interaction 
energy plots at pH 2, 3 and 11 for NaCl. 
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Figure 4.7: (a) Mean diameter and rate of agglomeration and (b-c) interaction 
energy plots at pH 2 and 11 for CaCl2. 
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Figure 4.8: (a) Mean diameter and rate of agglomeration and (b-c) interaction 
energy plots at pH 2 and 11 for AlCl3. 
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CHAPTER 5 
THE FATE, BEHAVIOUR AND EFFECT OF Bi2O3-BiVO4 
NANOPARTICLES ON THE FUNCTIONALITY OF A 
WASTEWATER TREATMENT PLANT 
5.1. Introduction 
Heterojunction ENMs are being widely studied recently due to their unique and 
enhanced properties like high surface area, low recombination of electron and 
holes during photocatalytic applications and absorption of the visible region unlike 
single oxides. Their wide applications also give them advantages of being widely 
used, however this increases their exposure to the environment hence the 
concerns surrounding their application in terms of the effect they may have on the 
environment. The heterojunction Bi2O3-BiVO4 is a novel heterojunction catalyst 
which has been recently studied. It has unique properties such as superior optical 
activity and high charge carrier mobility. Its applications are in photocatalysis, gas 
sensors, photovoltaic cells and capacitors.1, 2 
Knowing the fate and behaviour of the ENMs is important for their application as 
well as in the impacts they may exert on the environment. The ENMs are found in 
the soil and water, because they have their way of reaching that destination 
whether directly or indirectly for instance, via aerial deposition or through WWTPs 
which receive them from both domestic and industrial use of products that 
incorporate ENMs. It is difficult to test them while they are in the WWTP and be 
sure of their properties in their destination because they lose, change or gain new 
coating as they react with other ENMs and aggregates along their way to the soil 
and aquatic environments They may again react with the free nanoparticles in the 
aquatic environments which may render more problematic nanoparticles. There 
are studies that have been done on different ENMs on their effects on organisms. 
14 Moreover, several studies have been performed for the effect of these ENMs in 
to the WWTP and it was found that different nanomaterials have different effects in 
different microbes that are found in the WWTP and their concentration load on the 
WWTP affects the microbes in the treatment system. Conducting risk assessment 
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of ENMs is a major challenge to researchers, engineers and scientists and most 
likely to the coming generations due to population increases which causes 
increases the use of. ENMs.3,4 
Different nanomaterials differ on how the affect different organisms and their risks 
are different to different organisms. Some nanomaterials may be carcinogenic or 
mutagenic. The major challenge that is faced is extraction of these nanomaterials 
from the aquatic system to analyze their toxicity. Characterization of the ENMs 
should be understood because knowing their physicochemical properties helps in 
understanding their fate and behaviour in the environment. It is important to study 
the fate and behaviour of these ENMs both into the WWTP and in the environment 
because it is a means of knowing the risks they pose in both the environment and 
living organisms.3,5 
5.2. Results and discussion 
5.2.1. The impact of Bi2O3-BiVO4 NPs on the functionality of the treatment 
plant  
The percentage removal of COD was used to monitor the survival of the 
microorganisms for the functionality of the treatment plant. During the 
acclimatization and steady state process, the removal was ranging between 70 
and 80 % in Figure 5.1(a) and (b), which we can conclude that the removal was 
close to 80 %. It could be because the microorganisms in the activated sludge 
were still adjusting to the different concentration of the two types of waste water 
used. This is not bad because the values are still close to 80, which shows the 
survival of the microorganisms. Upon the addition of the NPs at SRT 8 and 9, the 
removal increased to values >80 % for the test unit as shown by Figure 5.1(c). 
However, at SRT 10, they went back to values <80 % but 70 %. This could be 
because of higher concentration of the NPs used which gives the microorganisms 
a shock however the values are still high. According to the OECD guideline, the 
removal should be >80 % to show survival of the microorganisms. The BOD5 
removal was fluctuating in Figure 5.1(d), with the lowest removal of 50 % and the 
highest of 90%. This is because of the different amount of waste water that was 
used which caused changes in the microorganisms. However, the removal upon 
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the addition of NPs was still higher. Hence this concludes that the NPs had no 
effect on the functionality of the treatment plant.  
 
Figure 5.1: COD % removal during (a) Acclimatization, (b) Steady state and (c) 
Addition of NPs. (d) BOD5 removal before and during the addition of NPs 
 
Different parameters were monitored for the well being of the microorganisms. The 
pH values were kept at 7 0.5. It is because is acidic media the hydrogen will 
disrupt the wall of the microorganisms, thus affecting functionality of the WWTP. 
Dissolved oxygen was kept >2mg/ L and the temperature was 20- 25 . The 
MLSS and MLVSS ratio should be greater than 0.75 for the conventional 
wastewater treatment system as it indicates the concentration of microorganisms 
in the activated sludge.6, 7 In this work the ratio for both the test and control unit 
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during the addition of NPs were greater than 0.85. It is due to the fact that the 
synthetic wastewater that was used had no suspended solids compared to 
secondary influent of an actual conventional wastewater treatment plant. The 
conductivity measurements are of emphasis, as it is shown in Table 5.1 for the 
test unit during the addition of the NPs that the conductivity increases with the 
increase of the NPs concentration. This can be due to possibility of dissolution of 
Bi and V in the Bi2O3- BiVO4 NPs during operation of the treatment system.   
Table 5.1 Different parameters that were monitored during the treatment of the 
effluent and aerobic tanks for the test unit 
Test 5 mg/L 10 mg/L 15 mg/L 
Parameters Mean SD Mean SD Mean SD 
pH 7.5 0.4 7.2 0.2 7.0 0.3 
Dissolved 
oxygen (mg/ L) 
4.5 0.4 4.1 0.1 3.3 0.4 
Temperature ( ) 22.2 0.8 23.7 0.5 23.9 0.8 
Conductivity 
( S/cm) 
819 35.2 916.8 63.4 927.3 67 
MLSS (mg/L) 1733  1717  1763  
MLVSS (mg/L) 1569  1536  1550  
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Table 5.2 Different parameters that were monitored during the treatment of the 
effluent and aerobic tanks for the control unit 
Control 5 mg/L 10 mg/L 15 mg/L 
Parameters Mean SD Mean SD Mean SD 
pH 7.2 0.3 7.4 0.1 6.9 0.3 
Dissolved 
oxygen 
4.4 0.5 4.9 0.3 3.7 0.3 
Temperature 23.5 0.9 23.2 0.5 23.2 0.7 
Conductivity 784.5 28.6 758.3 68.7 751.7 69.9 
MLSS (mg/L) 1834  1863  1799  
MLVSS (mg/L) 1474  1563  1536  
Total plate count results of both control and test units showed the comparable 
bacterial amounts as shown by Figure 5.2. However, there was a slight decrease 
in bacterial count on the last SRT when 15mg/ L of the NPs were added, this was 
due to high amounts of NPs added which brought shock to the bacteria. This was 
also seen in the COD% removal whereby it was less but still comparable at SRT 
10. This slight decrease is still comparable to the other SRT when the NPs were 
added. It can be concluded that the Bi2O3- BiVO4 NPs had no effect on the 
functionality of the treatment system. 
CHAPTER 5: THE FATE, BEHAVIOUR AND EFFECT OF Bi2O3-BiVO4 NANOPARTICLES ON THE FUNCTIONALITY OF A 
WASTEWATER TREATMENT PLANT 
 
70 
 
 
Figure 5.2: Total plate count for both control and test units during the addition of 
Bi2O3- BiVO4 NPs. 
5.2.2. Analysis of Bi2O3- BiVO4 NPs in the activated sludge 
The XRD for both the test and control sludge patterns are shown on Figure 5.3. 
The peaks on the test sludge showed both the peaks of monoclinic phase of Bi2O3 
and BiVO4 which are given at 27.90, 28.82 and 33,09°(2θ). They confirm the 
presence of the heterojunction Bi2O3-BiVO4 on the test sludge for SRT 10 and are 
not present in the XRD pattern for control sludge. In the control sludge, there is a 
presence of SiO2 peak at 27.3°(2θ) which is due sand particles that were in the 
sludge before inoculation of the system. 
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Figure 5.3: XRD patterns of test and control sludge. 
5.2.3 Fate of Bi2O3-BiVO4 NPs 
The SEM images of the control and test unit for the SRT 10 showed no difference. 
The sludge from the control unit shown in Figure 5.4 did not show any NPs on its 
surface. However, the difference was shown by the EDX and mapping, which 
showed both the presence of the Bi, O, and V on the test sludge which were 
absent on the control sludge as shown by Figure 5.5. Both the control and test 
sludge showed the presence of C, P, Ca, O, Si and Mg elements which were in 
the ingredients used in the preparation of the synthetic waste water.  
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Figure 5.4: SEM image of control sludge, mapping and EDX 
 
Figure 5.5: SEM image of test sludge, mapping and EDX 
Figure 5.5 shows the comparison of Bi and V concentration in the activated 
sludge and effluent. High concentrations of Bi and V were observed in the 
activated sludge than in the effluent, with a correlation of 0.9901 and 0.9955 for Bi 
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and V respectively. From both the graphs, it is shown that 90% of both Bi and V 
were absorbed by the activated sludge and 10% in the effluent. This clearly 
explains that the fate of Bi2O3- BiVO4 NPs were in the activated sludge. Moreover, 
10 % of Bi and V detected on the effluent might be absorbed on the surface of the 
unsettled suspended solids found in the effluent. Reported work on fate of 
nanoparticles in WWTPs showed that a majority of the nanoparticles get attached 
to the sludge and small amounts are released with effluents. Furthermore, the 
presence of Ca2+ and Mg2+ brought by calcium chloride dehydrate and magnesium 
sulphate heptahydrate in the simulated wastewater might have assisted in 
neutralizing surface charges in the nanoparticles thus forcing them to aggregate in 
the pH range 7.0-7.5 recorded during the treatment process (Table 5.1). The 
stability measurements in Chapter 4 showed that in this pH range divalent ions 
neutralized the negative surface charge of the nanoparticles and allowed 
aggregation. This is with agreement with the results reported by Mahlalela et al., 
(2015) where divalent ions neutralized negative surface charges of TiO2 
nanoparticles and forced the nanoparticles to aggregate.6 The aggregation thus 
permitted the nanoparticles to settle in the clarifier allowing their incorporation in 
the sludge.  
 
Figure 5.6: (a) Bi and (b) V correlation in the activated sludge and the effluent. 
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CHAPTER 6 
CONCLUSIONS AND RECOMMENDATIONS 
6.1 Conclusion  
Heterojunction Bi2O3- BiVO4 NPs was successfully synthesized for its fate and 
behavior on a SWTP. This was confirmed by different characterization techniques 
prior to exploring NPs treatment plant. Both XRD and Raman spectroscopy 
confirmed the monoclinic phase of Bi2O3-BiVO4 NPs. SEM and mapping confirmed 
their different shapes and elemental analysis of decahedron and further like 
structures Bi, V and O. BET analysis gave the surface area and pore volume of 
the NPs which were 1.1316 m2/g and 0.004277 cm2/g respectively. 
Stability of Bi2O3-BiVO4 NPs was studied under different pHs and electrolytes prior 
to exposing them to the treatment plant. The charge of the ions played an 
important role in the ionic strength and the hydrodynamic diameter of the NPs in 
different solutions. The pHpzc of the NPs in DI was found to be 4 thus at this point 
he NPs are stable. The NPs agglomerate most of the pHs for AlCl3 and CaCl2.The 
order of agglomeration was Al3+> Ca2+> Na+ and DI because the Van der Waals 
attraction was dominant at trivalent and got less at monovalent electrolyte. 
Reduction of the EDL was due to the neutralizing effect of the AlCl3 and CaCl2 
(cations) on the surface of the NPs which caused agglomeration to be high. Thus, 
it shows that Bi2O3- BiVO4 NPs will act differently as they react with different 
solutions while they are transported to different systems. 
The presence of the NPs was studied in both the sludge and effluent after being 
exposed to the treatment plant. SEM and Mapping showed the presence of Bi, V 
and O in the sludge. XRD confirmed the presence of monoclinic phase of Bi2O3 
and BiVO4 in the sludge, which showed that the activated sludge did not change 
the phase of the NPs in the treatment system. COD, BOD5 and TPC analysis 
showed that the NPs did not have an effect on the functionality of the treatment 
processes; however, there was a slight effect when the NPs increased to 15 mg/L. 
Different parameters such as conductivity, pH, MLSS, MLVSS, temperature and 
DO were used to monitor the functionality of the WWTP. These also confirmed 
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that the NPs did not have an effect on the treatment process. However, the 
increase in conductivity was observed as the concentration of the NPs was 
increased. The ICP-OES showed that the NPs fate is on the activated sludge, 
whereby 90 % of Bi and V were absorbed in the activated sludge and 10% in the 
effluent. In conclusion, from all the monitored parameters, the addition of the NPs 
did not have an effect on the treatment process which could mean the NPs may 
have less effect on the environment. The slight increase in the conductivity could 
bring some concerns on some effect they can have and these requires more 
investigation on what effect the dissolution may have on the environment 
6.2 Recommendations 
The objectives of this research were achieved. However, several gaps have been 
identified for further work in future for accurate risk assessment of Bi2O3-BiVO4 
NPs in the wastewater treatment plant. Further investigation of factors that can 
promote dissolution of the NPs is required and how the dissolution can affect the 
environment and its flora and fauna.  
 
